Detailed knowledge about the temperature distribution achieved in the target area is essential for the development of magnetic hyperthermia treatments. However, the temperature inhomogeneity was found in all local hyperthermia studies. As a consequence of the impossibility of guaranteeing the temperature and thus the thermal dose distribution, hyperthermia is never applied as a single treatment modality. We suggest a model that enables the calculations and optimization of the spatial-time distribution of the temperature in the target volume (i.e. tumor) caused by magnetically heated elements: (i) arrays of clusters of iron oxides magnetite (Fe 3 O 4 ) magnetic nanoparticles, and (ii) arrays of magnetic needles. In order to find the spatial-time temperature distribution in tumor, the bioheat transfer equation is solved for the two above-mentioned arrays of magnetically heated sources embedded in the tumor. The temporal and spatial temperature distributions were calculated with regard to the effect of blood perfusion in the tumor. It is shown that a matrix of magnetic micro-needles injected in the tumor could provide rather uniform tumor heating with the center-edge temperature difference smaller than 3
Introduction
Localized hyperthermia utilizing magnetic nanoparticles (MNPs) in an alternating magnetic field has the potential to either directly kill tumors or make them more susceptible to radiation therapy or chemotherapy [1] [2] [3] [4] . The iron oxides magnetite (Fe 3 O 4 ) and maghemite (γ-Fe 2 O 3 ) nanoparticles are the most studied to date because of their generally appropriate magnetic properties and biological compatibility [5] .
The heating effect strongly depends on the size, shape, and magnetic permeability of the nanoparticles and on the frequency and amplitude of the applied alternating magnetic field [6] [7] [8] [9] [10] . Numerical and analytical studies [11] [12] [13] [14] of the heating effect of MNPs embedded in tumor showed that in most cases of local hyperthermia treatments, temperature inhomogeneities were found. Nevertheless, to achieve the therapeutic effect a minimal temperature of 43
• C is typically required in the whole tumor area. Looking for the ways to improve the homogeneity of the temperature distribution in a tumor, in this work we analyze the temperature profiles for two partic- * corresponding author; e-mail: zablot@fzu.cz ular cases: (i) clusters of MNPs dispersed in tumor and (ii) square arrays of micron sized rods (needles) of MNPs embedded in tumor.
We present a model to determine the time and spatial distribution of temperature in a tumor and its dependence on the blood perfusion as well as on the power dissipation of a MNP. In terms of this model the MNPs heating for magnetic hyperthermia treatments can be optimized to achieve the therapeutic effect in the whole treated area. The model is particularized for the time and spatial temperature distributions produced by iron oxide magnetite (Fe 3 O 4 ) nanoparticles embedded in a tumor.
Model
It is known that hyperthermia cancer treatment kills cancerous cells by elevating their temperatures to the therapeutic temperature range, 42-45
• C. This approach can destroy tumors with minimal damage to healthy tissues and, therefore, limit negative side effects [1, 2] . The mentioned temperature range determines the upper limit of the degree of the spatial non-homogeneous temperature distribution as δT = 2-3
• C. Therefore, the temper-
atures taken in the tumor center and close to its edge should differ less than δT for any time of the hyperthermia treatment. Let us analyze the time and spatial distribution produced by clusters of MNPs embedded in tumor. In tissue spatial clusters of MNPs could appear as a result of biodistributions (biological processes in a tumor). Moreover, to achieve the needed temperatures one should increase the concentration of MNPs up to n = 10 21-22 m −3 [3, 11] . Such a high concentration favors a clustering of MNPs to minimize their magnetic dipoles energy. From a practical point of view the mean period of the cluster structure could be more easily adjusted for the purposes of turning temperature profiles than that in the case of single MNPs dispersed in a tumor. Thus, it can be assumed that a cluster structure of MNPs appears, for example, as a result of the biodistribution of MNPs in tumors [15] . To describe the cluster structure of MNPs we introduce two parameters: R cl , the cluster radius, and p, the mean spatial period of clusters. In a tumor the temperature distributions, T (x, y, z, t) could be described by the so-called bioheat transfer equation [16] :
where ∆ is the Laplace operator, ρ is the density of tissue, c v is the heat capacity of tissue, k is the thermal conductivity coefficient of tissue, w is the blood perfusion (in general, w could be coordinate dependent reflecting a specific vessel tree in tumor), c and ρ b are the heat capacity and mass density of blood, T 0 is the temperature of blood (which was taken as 37 • C), q is the volumetric heat power in a cluster; N is the total number of clusters nanoparticles, and x i , y i , and z i are the coordinates of clusters location. Let us notice that for the case of a coordinate independent q (the case q = const corresponds to the same heat power dissipation in each point of the heated area) and neglecting the blood perfusion term, the analytical solution of Eq. (1) was done in [13] . The blood perfusion is defined as the ratio of the volumetric flow rate of the blood (= πr [18] ) correspond the blood velocities v = 5 cm/s and 10 cm/s. As a function of the MNP and medium parameters and applied magnetic field, the volumetric power dissipation, q, was determined in [6] .
For common types of MNP the specific heating power is about 100 W/g [2] which for Fe 3 O 4 MNPs corresponds to q = 7.874 × 10 8 W/m 3 . This value of q will be used in our further calculations. A higher value of the specific heating power can be achieved for example for cobaltferrite MNPs [19] (440 W/g, at frequency and amplitude of the ac magnetic field of 700 kHz of 31 mT, respectively).
Solving numerically Eq. (1), with the physical parameters of cancer tissue taken from literature [2, 17, [20] [21] [22] [23] [24] [25] , one can obtain the spatial and time distribution of temperature in the tumor, T (x, y, z, t). For simplicity and clearness in the presentation of the calculated results, first, we consider 2D temperature distributions in the tumor with a periodic cluster structure of MNPs.
Temperature distributions in tissue heated
by a cluster structure of MNPs
For the 2D case Eq. (1) was numerically solved with the following imposed initial and boundary conditions: T (x, y, 0) = 37
• C (temperature of human heat core) at t = 0, and equality of the heat fluxes at the interface between the tumor and normal tissue, k n dT /dξ = kdT /dξ, where k n and k are the thermal conductivity coefficients of normal tissue and tumor, accordingly; here ξ denotes the normal coordinate to the interface. Numerical solutions were obtained with the help of the software package MathCad 13, with the following parameters: c v ≈ 5.136 kJ/(kg K) [23, 26] ; k ≈ 0.64 W/mK [2] and k n = 0.48 W/mK, ρ ≈ 800 kg/m 3 , c = 3.594 kJ/(kg K) [23] , R cl = 10 µm, R = 10 nm is the particle radius, p = 220 µm, and N = 2000 is the number of clusters in the tumor of size 1 × 1 cm 2 . The chosen mean cluster radius and period correspond to the MNPs fraction -50 mg of MNPs per 1 kg of tissue -which was experimentally approved for the effective therapy in [24, 25, 27] . Let us notice that we assume that in tissue MNPs were injected in a vein and distributed in tumor without guidance. MNPs clustering was reported in [15] , where 10 nm sized MNPs created a disordered cluster structure with the mean period about 200 µm. The calculations were made for two values of blood perfusion characterized by linear blood velocity values, v = 5 cm/s and 10 cm/s. Figure 1 shows the contour plots of the spatial temperature distributions (∆T = T − T 0 , where T 0 is the initial temperature) at two different times after switching on the external alternating magnetic field assuming a homogeneous perfusion with mean blood velocity v = 5 cm/s.
As Fig. 1 shows, the temperature increases from the external area of the tumor to the central part of it. In fact, it is seen that the clusters of MNPs embedded in the tumor produce nonuniform temperature profiles resembling those obtained in [13] under the assumption of an independent coordinate q and neglecting the blood perfusion term.
With respect to the influence of the blood velocity, the temperature distribution in the same tumor area was calculated for different values of the blood velocity (see Fig. 2 ). As it is seen from Fig. 2 , the spatial rate of the temperature increase in the tumor is strongly dependent on the blood velocity. The rate of the temperature increase is lower for higher values of the blood velocity. We now estimate the influence of blood vessels on the temperature increase during hyperthermia treatments. As seen from Figs. 2a-c, homogeneous blood perfusion lowers temperature (∆T (x, y) taken in the central part of the tumor) by 1
• C and 4
• C, for v = 5 cm/s and v = 10 cm/s, accordingly. Obviously, the same temperature decrease could be expected in the vicinity of large blood vessels. Indeed, a number of cold spots with temperature fault about 2-4
• C was found in the vicinity the large vessels during interstitial hyperthermia using ferromagnetic seeds (inter-seeds spacing 13 mm) in [28] . Tumor blood perfusion could be adjusted with the goal to obtain the needed uniformity and rate of temperature increase in hyperthermia treatments.
Thus, heating with a cluster structure of MNPs gives rather non-uniform temperature distributions similar to those obtained for MNPs uniformly dispersed in the tumor [13] or localized in the small (millimeter-sized) areas of the tumor [11, 12] . However, there are two points which determine the value of the obtained results. First, we have proved that in spite of the fact that a MNP (or MNPs cluster) is highly focused heat source, the commonly used assumption on uniformly distributed heat in tissue is good enough for a description of the temperature profiles and their time evolution. Second, the results displayed in Figs. 1 and 2 show how to adjust the clusters distribution in order to make a more uni- form temperature distribution. Indeed, at the distance about 1 mm from the tumor edge the temperature decrease (in comparison with that in the tumor center) is about 5
• C. Knowing that the temperature is proportional to the heat source density (see for instance Eq. (2)) one could improve the temperature profile homogeneously by a proper decrease in the cluster period in the tumor edge area. In the next section we suggest another type of MNPs distribution leading to quite uniform temperature profiles.
Heating with a square array of micro-needles
Let us consider a square array of heating micro-needles with MNPs inside embedded in tumor. We assume that the micro-needles are parallel to the z-axis. For this geometry and zero initial conditions, neglecting the blood perfusion term, Eq. (1) allows the analytical solution [29] :
where a 2 = k/c v ρ, ∆T is the temperature increase,Q is the linear power dissipation, i.e.Q = qπR 2 w , R w is the rod radius, and the total number of rods is N = N 1 ×N 1 . In principal, the heating elements could be homogeneous ferromagnetic rods. However, most real ferromagnetic materials require a big enough applied field strength (ca. 100 kA/m) to achieve high values of the specific absorption rate [5] . In contrast, MNPs are capable to generate sufficient heating at lower magnetic fields due to their particular relaxation processes.
Using Eq. (2), the calculations of T (x, y, t) were performed for a square tumor of size 3.0 × 3.0 cm 2 with N = 300 × 300 needles of radius R w = 1.0 µm and the period p = 100 µm. The filling fraction 30% of NMPs inside a needle was assumed. The results of calculations are shown in Fig. 3 . Fig. 3 . Temperature profiles calculated along the diagonal of the tumor at different times (from bottom to top): t0 = 400 s, t0 = 500 s, and t0 = 600 s. Figure 3 shows the temperature profiles calculated along the diagonal of the tumor at different times: t 0 = 400 s, t 0 = 500 s, and t 0 = 600 s after switching on the applied magnetic field. It is seen from Fig. 3 that, in the central part of tumor (which is 2 × 2 cm 2 for the tumor of 3 × 3 cm 2 ), the periodical array of microtubes filled up by MNPs produces the temperature profiles with the degree of homogeneity smaller than δT = 3
• C. It is important to note that the profiles are convex ones and there are no relatively low temperatures further away from the magnetic needles similarly, as it was found in the hyperthermia treatments using macroscopic ferromagnetic seeds in [28] .
From a practical point of view a matrix of micro--needles with MNPs inside could be easily injected in a tumor and heated by ac field of suitable amplitude and frequency. Different types of matrices could be designed for specific tumors. Using a matrix of needles filled by MNPs for practical hyperthermia one can obtain the needed temperature profile and heating time adjusting the combination of the parameters: R w , p, and the filling fraction.
Conclusions and discussion
A model allowing calculations of temperature distributions in a tumor and its dependence on physical parameters of the tissue has been proposed. We calculated the temperature distributions in tumors with two variants of nanoparticles' location: cluster structure of MNPs and a square array of needles (with MNPs inside). It was found that exposed to a high-frequency magnetic field and dispersed in the tumor with the mean spatial period 200 µm clusters of Fe 3 O 4 nanoparticles can produce temperature profiles allowing to achieve the therapeutic effect only in the central area of tumor. It is also shown that the rate of the temperature increase and the temperature homogeneity could be tuned by a proper change of the blood perfusion.
To improve the spatial temperature homogeneity we have suggested a new system of micro-heating elements -the matrix of micro-tubes containing MNPs and injected in tumor. As an example, by analytical calculations, we show that such a system could provide rather uniform tumor heating with the center-edge temperature difference smaller that 3
• C at any time during the magnetic hyperthermia treatments. This allows us to achieve the therapeutic effect over the whole tumor region.
